Principal cells in the medial nucleus of the trapezoid body (MNTB) are believed to be critical components in the circuit subserving sound localization. These cells, located in the superior olivary complex, convert excitatory inputs, arriving from the contralateral cochlear nucleus by way of large somatic synapses (the calyces of Held), to inhibitory projections onto principal cells in the ipsilateral lateral superior olive (LSO). We have characterized a population of cells in the rat MNTB using intracellular recording and labeling techniques in a brain slice preparation.
MNTB principal cells had spherical or ellipsoid somata that gave rise to single largediameter dendrites, which branched extensively and often extended beyond the borders of MNTB. Commonly observed axonal projection targets included LSO, the superior paraolivary nucleus, and the medial superior olive, and occasionally the lateral nucleus of the trapezoid body. The projections of individual MNTB cells showed an orderly topography that is consistent with the known tonotopic maps of the nuclei. In response to current injection, principal cells exhibited several nonlinearities, including rectification for depolarizing currents and a "sag" in the membrane potential for hyperpolarizing currents. Superthreshold depolarizing currents elicited transient firing behavior. Application of the potassium channel blocker 4-aminopyridine reduced or eliminated the rectification in the current-voltage relationships and caused depolarizing currents to elicit repetitive firing. Stimulation of afferent inputs elicited short-latency spikes, presumably driven by calyceal synaptic inputs; long-latency, presumably polysynaptic, EPSPs; and short-and long-latency IPSPs. The duration of synaptic events was strongly dependent on membrane potential, and this effect was probably due to the intrinsic membrane properties of the cell. In all cases tested, EPSPs were blocked by CNQX or DNQX, and IPSPs were blocked by strychnine. Two injected nonprincipal cells differed from principal cells in their morphologies and physiological characteristics.
The nuclei of the superior olivary complex (SOC) are thought to be involved in processing binaural information necessary for sound localization (for reviews, see Yin and Kuwada, 1984; Irvine, 1986) . Principal cells of the medial nucleus of the trapezoid body (MNTB) have been postulated to convert excitatory inputs from the contralateral cochlear nucleus (CN, Warr, 1972; Smith et al., 199 1) to inhibitory projections onto principal cells in the lateral superior olive (LSO; Glendenning et al., 1985; Spangler et al., 1985; Wenthold et al., 1987) . Cells in LSO compare this contralateral inhibitory input from MNTB with ipsilateral excitatory input, a configuration believed to underlie their sensitivity to interaural level differences (Boudreau and Tsuchitani, 1968; Caird and Klinke, 1983 ) and perhaps to interaural timing differences (ITDs) as well (Joris and Yin, 1990; Finlayson and Caspary, 199 1) . MNTB principal cells receive input from globular bushy cells (GBCs) in the contralateral CN (Warr, 1972; Tolbert et al., 1982; Glendenning et al., 1985; Friauf and Ostwald, 1988; Spirou et al., 1990; Smith et al., 199 1) . These afferents envelop the somata of principal cells with some of the largest synaptic terminals in the CNS, the calyces of Held (Held, 1893; Mores& 1968) . The calyceal terminal is believed to provide a fast and secure relay of information from GBCs to LSO, although the responses of cells in MNTB to acoustic stimuli in vivo are not always the same as those of GBCs (Guinan et al., 1972a ,b, Smith et al., 1989 . Anatomical studies have also demonstrated non-calyceal innervation of MNTB cells (Lenn and Reese, 1966; Smith et al., 1989; Adams and Mugnaini, 1990; Kuwabara et al., 1991) .
There have been few in vivo studies of the physiology of cells in MNTB (Guinan et al., 1972a,b; Smith et al., 1989) . One in vitro study using a brain slice preparation of the mouse SOC showed that cells assumed to be in MNTB have nonlinear current-voltage (Z-V') relationships and fire one or a few action potentials in response to sustained depolarizing current (Wu and Kelly, 199 l) , responses similar to those of CN bushy cells (Oertel, 1983; Wu and Oertel, 1984; Manis and Marx, 1991) . However, the cells in MNTB were not morphologically identified.
In this study, we describe the anatomical and physiological properties of single cells in MNTB of the rat using conventional microelectrodes and intracellular labeling. We sought to demonstrate these cells' major projections within the SOC, and to show that identified MNTB principal cells have membrane properties similar to those of CN bushy cells. In addition, we wished to determine the extent of non-calyceal synaptic input to MNTB principal cells, and to investigate the pharmacological properties of calyceal and non-calyceal inputs to these cells.
Materials
and Methods Tissuepreparation. Male hooded rats (3-5 weeks old) were anesthetized with chloral hydrate (42 mg/lOO gm body weight, i.p.) and perfused intracardially with 50 cc of room-temperature saline in which NaCl had Aghajanian and Rasmussen, 1989) . The animals were immediately decapitated, and the portion of the brainstem directly ventral to the cerebellum was rapidly removed and placed in room-temperature S-saline. The tissue was trimmed, blotted dry, and glued to a plastic tray with cyanoacrylate glue. A block made of egg albumin was also glued to the tray to support the tissue on the sides and from behind. The tray was filled with S-saline, and 400 pm coronal slices were cut with a vibratome, using the seventh nerve as a landmark for choosing slices (Paxinos and Watson, 1986) . The time elapsed between the start of the perfusion procedure and the completion of slicing was typically less than 8 min.
Appropriate slices were transferred to a holding apparatus, where they were allowed to recover in S-saline at room temperature for about 20 min, followed by normal saline (composition same as S-saline, except 120 mM NaCl instead of 240 mM sucrose, pH adjusted with HCl to 7.4 at 33.5"C and subsequent to saturation with 95% O,, 5% CO,) that was gradually warmed to -28°C. After another 30 min, one slice, chosen based on its general appearance and the presence of the SOC, was transferred to a two-sided perfusion brain slice chamber (modified from Nicoll and Alaer. 198 1) and oerfused continuouslv (2 ml/min) with 33.5"C saline saturated with 95% 02, 5% CO,. Recordings were usually begun about 1 hr after transferring the slice to the chamber. Intracellular recording. Intracellular recordings were obtained using conventional glass microelectrodes pulled on a Flaming-Brown P87 micropipette puller and connected to a Neurodata IR-283 intracellular recording amplifier. Microelectrodes were filled with a 2% solution of neurobiotin (Vector Labs) in 2 M K-acetate buffered to pH 7.4 with acetic acid, and had resistances of 80-120 MB.
Afferent fibers were stimulated at rates of 3-6 Hz with concentric bipolar stimulating electrodes that provided a highly focal stimulation (outer contact diameter, 150 pm; inner contact diameter, 25 wrn; Rhodes Medical Instruments MCE-100). One electrode was placed in the trapezoid body (TB) at the midline and another in the ipsilateral TB ventrolateral to LSO. Stimulation was controlled via a Grass stimulator (SSSOO) and stimulus isolation unit (SIUS).
Cells were impaled by applying large (> 10 V), short depolarizing pulses while advancing the microelectrode in -24 pm steps through the slice. Upon impalement, cells were stabilized by applying hyperpolarizing bias current, which was gradually removed before recording data. Cells were judged to be healthy if they had resting potentials between approximately -50 and -75 mV and action potential amplitudes of greater than -40 mV (peak to trough). Stable recordings often lasted > 1 hr and as long as 6.5 hr. Intracellular stimuli consisted of polarizing current pulses or sinusoidal currents, generated using a World Precision Instruments pulse generator (A3 10) or a Wavetek frequency generator (model 185).~Cu&nt and voltage records were digitized and samoled at 14.9 kHz (Tecmar Labmaster A/D: Comuaa DeskPro 386 SX computer) and stored on optical disk (IBM 3363) for subsequent data analysis. Cells were injected with neurobiotin using depolarizing current pulses (200 msec duration, l-3 nA, 2.5 Hz for -4 min).
Gross injections. Gross injections of neurobiotin were performed using pressure injections (General Valve Picospritzer II) of 2% neurobiotin in 2 M potassium acetate, as for intracellular injections. Glass electrodes with tip sizes of -20 pm were advanced through the tissue, stopping every 50 pm to inject neurobiotin with pulses 200 msec long at 15 psi. The slice was then processed as for intracellular experiments.
Tissue processing. After injection, the slice was left in the recording chamber for >0.5 hr, then removed and fixed [4% paraformaldehyde in 0.1 M sodium phosphate (PO,) buffer, pH 7.41 for > 12 hr. Slices were rinsed in PO, buffer and cryoprotected by passing them through a series of glycerol-sucrose solutions of increasing concentration (0% glycerol, 5% sucrose; 5%, 10%; lo%, 15%; lo%, 20%; all in 0.1 M PO, buffer). Frozen sections (60 pm) were cut using a microtome, the cryoprotection procedure was reversed, and the sections were rinsed in 0.1 M PO, buffer. Sections were incubated overnight in the secondary antibody of an avidin-biotin-HRP complex (ABC Kit, Vector Labs) and then rinsed in PO, buffer, and the HRP was reacted using the diaminobenzidinenickel/cobalt intensification method (Adams, 198 1) . Finally, the sections were mounted, dehydrated, and counterstained with cresyl violet.
Pharmacological agents. 6,7-Dinitroquinoxaline-2,3-dione [DNQX; Research Biochemicals Inc. (RBI)l, 6-cvano-7-nitroquinoxaline-2,3-dione (CNQX; RBI), strychnine (Sigma); (-)-bicuculline methiodide (Sigma), and 4-aminopyridine (4-AP; Sigma) were bath applied by adding the substances to normal saline at appropriate concentrations.
Data analysis. These data are based on recordings from 47 cells localized to MNTB subsequent to injection with neurobiotin. Most of these cells (45 of 47) were identified as principal cells, based on comparisons of their morphology to previously published descriptions in other animals (Morest, 1968; 0110 and Schwartz, 1979) .
Stained cells were drawn using a camera lucida connected to either a Zeiss or Nikon microscope with a 100 x objective. Low-power (10 x or 20 x) drawings of the nuclei of the SOC were drawn using either conventional camera lucida or a computerized neuron tracing system (Eutectics). "Areas of termination" (e.g., in the SPN, Fig. 4 ) were determined by drawing a smooth curve by eye around the swellings representing the perimeter of the termination pattern in the nucleus.
A nucleus was considered to be a projection target only if terminal arbors were present, and not if an axon merely passed through the nucleus. In all cases presented here, axons were well filled. In the rare case that a cell's axon could not be followed due to a lack of reaction product, that cell was not included in the anatomical results. The approach that we have taken in describing target areas of MNTB principal cells was to decide whether it seemed likely that a particular cell was bypassing a nucleus, or whether such a projection was still possible. We based these decisions on the following argument: the axons of MNTB principal cells always progressed from medial to lateral in the slice, typically innervating the medial superior olive (MSO) and/or the suoerior naraolivarv nucleus (SPN) and then LSO. Thus. if a cell's axon reached the LSO-without innervating, for example, MS0 (see Fig. 3 ) and if no major cut branches were apparent, then that cell was said to bypass MSO. When we report that "x out of y" cells projected to a nucleus, that means x cells projected to the nucleus and 0, -x) cells bypassed the nucleus.
In order to illustrate a topographic organization of the projection to MSO, the MNTB was normalized along its mediolateral dimensions and divided into lateral, middle, and medial thirds. This normalization was performed on drawings of sections containing the somata of cells that either projected to or bypassed MSO.
Transient and steady-state I-Vcurves were constructed by averaging portions of the voltage response to polarizing currents (transient, 20 msec window centered on the peak voltage deflection; steady-state, from t = 150 to 190 msec, for 200 msec pulses). To ensure that electrode nonlinearities did not contaminate the I-V data, electrodes were tested subsequent to exiting a cell by passing polarizing currents in the bath. Voltage responses corresponding to current amplitudes that resulted in significant electrode polarization were discarded. The input resistances for hyperpolarizing and depolarizing currents (R,Nca, &N(h) were computed from the slope of a line fitted to the hyperpolarizing and depolarizing portions of the Z-v curve.
Synaptic events were characterized by three parameters: latency, amplitude, and half-width. The latency was measured from the beginning of the stimulus artifact to the first noticeable deflection from the baseline membrane potential. The half-width is a measure of the duration of the synaptic potential, and is defined as the width of the synaptic potential at half-maximal amplitude. Unless otherwise indicated, data are presented as mean f standard deviation. For a summary ofthe anatomical abbreviations used in this article, see 
Gross injections
We made gross injections of neurobiotin into the TB in order to confirm the possibility of stimulating calyceal inputs at the midline in our slices. Photomicrographs of two labeled &yces in MNTB appear in Figure 1 , A and B. These calyces have morphologies similar to those described in the cat (Merest, 1973; Smith et al., 1991) . Gross injections into the TB close to the midline labeled numerous calyces in the contralateral (and ipsilateral) MNTB, indicating that activation of these inputs by midline stimulation was possible.
Anatomy Axonal projections-general comments. The three target nuclei most often observed were LSO (9 of 9) SPN (21 of 25), and MS0 (12 of 20). Occasionally, projections also went to the lateral nucleus of the trapezoid body (LNTB) (3 of lo), and in one case a collateral terminated in MNTB, in the region of the cell body. In all cases, axons emanated directly from the cell body ( Fig.  1 CD) , and headed dorsally, laterally, or ventrolaterally before exiting MNTB. The courses of these axons tended to fall into one of two categories: cells located in the lateral and middle thirds of MNTB typically sent their axons laterally or ventrolaterally, running through ( Fig. 2A ) or ventral to ( Fig. 2B ) MSO, and sometimes coursing with the fibers of the TB. These cells often sent off thick collateral branches in the vicinity of MS0 that ran dorsally to innervate SPN (Fig. 2B) . Cells located in the medial third of MNTB typically sent their axons dorsally and laterally, running through (and giving off collaterals in) SPN en route to targets in LSO (Fig. 3A,B) . Because no axons progressed far enough past LSO before being cut off in the slice, it was impossible to observe projections to the nuclei of the lateral lemniscus.
Projection to LSO. We injected nine cells that had terminal fields in LSO, three each in the lateral, middle, and medial limbs. The MNTB and LSO of the cat are tonotopically organized, with the medial extent of MNTB and the medial limb of LSO representing high best frequencies (BFs), and the lateral MNTB and lateral limb of LSO devoted to low BFs (Tsuchitani and Boudreau, 1966; Guinan et al., 1972b) . Although a similar arrangement has yet to be demonstrated in the rat, the projection patterns of MNTB cells that we injected are consistent with this scheme. Cells located in the lateral portion of MNTB projected t The Journal of Neuroscience, July 1992, 12 (7) 2323 to the lateral limb of LSO ( Fig. 2A) , cells in the central portion of MNTB projected to the middle limb of LSO (Fig. 2B ), and cells located in the medial portion of MNTB projected to the medial limb of LSO (Fig. 3) .
The projections of cells to LSO, especially near the dorsal hilus, were at times highly restricted along the expected tonotopic axis of LSO (e.g., Fig. 3A ), forming a discreet band running perpendicular to the tonotopic axis. In all cases, projections to LSO coursed hundreds of microns rostrocaudally, often extending through the entire thickness of the slice.
Projection to SPN. SPN Projections to LNTB andMNTB. Occasionally (3 of lo), principal cells projected to LNTB. These cells showed areas of termination in LNTB that were restricted along the mediolateral axis of the nucleus (Fig. 2B ). On only one occasion did a cell give off a collateral that terminated within or near the borders of MNTB (Fig. 5) . The terminal arbors of this collateral were in the same section as the cell body. Physiology of MNTB principal cells General comments. These physiological data are based on recordings from the same population of cells as the anatomical data presented above. These cells had resting potentials of 62.4 f 5.35 mV and action potential amplitudes of 5 1.3 f 10.2 mV. Except as noted, the data presented are typical of this population of cells in MNTB.
Current-voltage relationships. Current-voltage data for MNTB principal cells exhibited several nonlinearities, apparently due to the activation of voltage-dependent conductances. For example, in response to large hyperpolarizing currents, MNTB cells typically exhibited a "sag" in the membrane potential; that is, the steady-state voltage deflection was less than the peak, transient deflection (Fig. 6A,C) . The transient responses to hyperpolarizing current (Fig. 6B,D , solid triangles) were approximately linear, with these two cells showing slopes of 65 MQ (Fig. 6B ) and 64 MQ (Fig. 60) . The steady-state responses to hyperpolarizing current typically deviated from linearity for large currents (Fig. 6B ,D, open triangles), with a drop in input resistance for high current levels.
Another nonlinearity in the responses of MNTB cells to current injection was the marked rectification exhibited in their Z-V relationships. For the two cells illustrated in Figure 6 , R,, dropped to 23 MQ and 6.7 MO, respectively, in response to depolarizing current. In order to quantify this rectification for our population of cells, we calculated the steady-state R,, for hyperpolarizing and depolarizing current in each cell for which I-Vdata were obtained (n = 34 cells). The average ratio ofRINch: R ,N(h) was 0.28 + 0.23, and in all but one cell, R,,o, > RINcd). A further nonlinearity exhibited during current injection was a decrease in the membrane time constant at the offset of the response to hyperpolarizing current pulses, as compared to the onset of the response (Fig. 6A,C) .
The firing properties of principal cells in response to current injection were highly dependent on the nature of the depolarizing stimulus. In response to a steady depolarizing current, MNTB principal cells fired only a single action potential at the stimulus onset (Fig. 7A) , regardless of the stimulus amplitude. The single action potential had an amplitude that was graded with the stimulus amplitude (not shown). Although these cells responded transiently to sustained depolarizing currents, they were able to follow sinusoidal inputs at high firing rates. This is illustrated in Figure 7 , B and C, which shows the responses to sinusoidal current stimuli (750 Hz), at two different amplitudes, for the same cell as in Figure 7A . Just above threshold, the cell fired a few action potentials during the stimulus (arrow, Fig. 7B ). At higher stimulus intensities (Fig. 7C) , the cell fired on every other cycle of the stimulus without fail, corresponding to a firing rate of 375 spikes/set.
Responses in 4-AP. The phenomena described above-nonlinear Z-V relationships and transient responses to sustained stimuli-are also observed in the responses of CN bushy cells to current injection (Oertel, 1983; Wu and Oertel, 1984; Manis and Marx, 199 1) and have been postulated to be due to a 4-APsensitive, voltage-dependent potassium conductance that is observed in these cells (Manis and Marx, 199 1) . In order to determine whether the same conductance is present in MNTB principal cells, we applied 4-AP to the bath and observed the changes in response to current injection.
Application 4-AP caused an increase in R,,,, and depolarizations of about 5-10 mV. In four of six cases, depolarizing current pulses in the presence of 4-AP elicited repetitive firing. The data for one of these cells are illustrated in Figure 8A -D. In normal saline, this cell exhibited the typical responses to depolarizing and hyperpolarizing currents (Fig. 8A, D, solid triangles) . When 4 mM 4-AP was added to the bath, depolarizing current injection elicited a train of action potentials (Fig. 8B ) and a linear Z-V relationship for subthreshold stimuli, except for large hyperpolarizing currents (Fig. 80, solid circles) . The train of action potentials was more transient at higher depolarizations (not shown), possibly due to cumulative sodium inactivation, an incomplete or voltage-dependent blockade of the 4-AP-sensitive conductance, or the activation of a high-threshold delayedrectifier potassium conductance. Over-and undershoots were unmasked following hyperpolarizing and depolarizing currents (arrowheads, Fig. 8B ). When the cell was returned to normal saline, the effects of 4-AP were largely reversed within 20 min (Fig. SC, D, open triangles) . The values for RINC4 and RINo, in normal saline were, respectively, 6.6 MB and 27 MR; in 4-AP, 38 Ma and 38 Mfi; and upon recovery, 10 Mtl and 35 MR The precise timing of the repetitive spikes elicited in 4-AP is illustrated for a different cell in Figure 8E , which shows nine superimposed responses to small depolarizing current pulses.
Synaptic responses-calyceal input. Stimulation of the TB at the midline often elicited short-latency action potentials, which occurred as all-or-nothing events as shock strength was gradually increased (Fig. 9A) . Of the 4 1 cells in which synaptic potentials were observed, 19 responded with these short-latency events, with an average latency of 0.72 + 0.13 msec. An underlying synaptic event could not typically be observed, even when the membrane was hyperpolarized by >20 mV (Fig. 9B) . The duration of this short-latency event was strongly dependent on membrane potential, with the duration longer when the cell was hyperpolarized than when it was depolarized (Fig. 9B) .
We have investigated the pharmacology of this short-latency event by applying the non-NMDA excitatory amino acid (EAA) antagonist CNQX (Honore et al., 1988) . Bath application of CNQX resulted in a dose-dependent blockade of the synapatic potential (Fig. 9C) . In normal saline, stimulation of the TB at the midline elicited a short-latency, all-or-nothing action potential that obscured the underlying synaptic potential (Fig. 9C , top trace). Low concentrations of CNQX (< 10 PM) partially blocked the calyceal EPSP, causing it to become subthreshold (Fig. SC, second trace) . At higher concentrations of CNQX, the blockade was nearly complete, although a residual component typically remained (Fig. SC, third and fourth traces) . The effects of CNQX were usually reversed within 10 min (Fig. SC, bottom  trace) . We will refer to this synaptic event as the calyceal EPSP based on its short latency and its size. In seven of seven cells, the calyceal EPSP was blocked by CNQX, with five of these cells held long enough to reverse the effect.
As illustrated in Figure 9B , the duration of the calyceal event was strongly dependent on the level of membrane polarization. This is also illustrated in Figure lOA the underlying EPSP, elicited under partial blockade with CNQX, showed a similar voltage dependence (Fig. 10B) . Two possible explanations for this dependence on membrane potential are that (1) the calyceal EPSP was followed by a later IPSP whose reversal potential was near the resting potential (e.g., a Cl-IPSP), or (2) the EPSP was terminated by a voltage-dependent conductance partially activated near rest. In the latter case, depolarization would further activate the conductance, causing a decrease in the time constant of the cell and in the duration of the synaptic potential, while hyperpolarization would deactivate the conductance, causing an increase in the duration ofthe event.
The conductance responsible for modulating the duration of the EPSP could be the same 4-AP-sensitive conductance postulated to be responsible for the nonlinear Z-V and transient firing behavior observed in these cells. To distinguish between these two possibilities, we elicited calyceal spikes in the presence of a mixture of antagonists to glycine and GABA, receptors (1 PM strychnine + 50 PM bicuculline), which mediate most Cl-IPSPs in the CNS (Fig. 1 OC,D) . These antagonists had no effect on the voltage dependence of the synaptic potential decay (n = 3), implying that the intrinsic membrane properties of the cell may be responsible.
Synaptic responses-non-calyceal events. In addition to the calyceal EPSP, IPSPs and long-latency EPSPs were also obSeNed. In fact, long-latency EPSPs in response to midline stimulation were the most commonly observed synaptic event in our population of MNTB cells (25 of 4 1 cells in which synaptic events were elicited). These long-latency events were often graded with shock strength, driving action potentials at the highest stimulus levels (Fig. 11A) . In some cells, both calyceal events and long-latency events were observed, but this was not common (5 of 41 cells). The average minimum latency, maximum amplitude, and half-width for these long-latency EPSPs were 2.7 * 0.83 msec, 7.7 f 2.8 mV, and 1.3 f 0.42 msec, respectively. Ipsilateral TB stimulation rarely elicited long-latency EPSPs (2 of 41 cells).
IPSPs in response to midline TB stimulation were observed in four cells, while in two other cells, stimulation of the ipsilateral TB near the seventh nerve elicited IPSPs. The IPSPs elicited from the midline were often (three of four) accompanied by non-calyceal EPSPs. The latency for these midline inhibitory events varied from 0.70 msec to 2.3 msec, and in two cells the IPSPs had latencies < 1 msec, implying that these events were monosynaptic. The IPSPs reversed at a potential very close to resting potential (Fig. 1 lB) , indicating that they were Cl-IPSPs. We have also investigated the pharmacology of these longlatency synaptic events. Application of strychnine, a glycine receptor antagonist, completely blocked the IPSPs observed in three cells (Fig. 11 C) . In all three cases the effect was irreversible after 1 hr in normal saline, although the cells still had normal resting potentials and input resistances, and still fired action potentials. Long-latency EPSPs were blocked by application of the non-NMDA EAA antagonists DNQX or CNQX (nine of nine cells, with five of these cells held long enough to reverse the effect). Figure 12 illustrates the blockade of both a non-calyceal EPSP and an IPSP in a single cell. Stimulation of the midline elicited an early IPSP (latency, 0.7 msec) followed by an EPSP (latency, 3.4 msec; Fig. 12A, bottom trace) , which could elicit an action potential (Fig. 12A, top trace) . Application of 22 PM DNQX reversibly blocked the EPSP (Fig. 12B,C) , leaving the IPSP intact, while application of 2.2 PM strychnine blocked the IPSP, revealing the full EPSP (Fig. 120) .
Non-principal cells: anatomy and physiology Two of the 47 cells had significantly different morphology and we have characterized them as non-principal cells. One cell was located in the lateral third of MNTB (Fig. 13A) , while the other was located just outside the lateral border of MNTB (Fig. 13B ). Both cells had bipolar somata, with their dendritic trees emanating from the poles of their cell bodies. One cell (Fig. 13A ) sent its axon dorsolaterally, innervating SPN and a region just outside the medial limb of LSO. The second cell (Fig. 13B ) sent its axon ventrolaterally, innervating what was presumably LNTB, although this nucleus was not distinct in this particular slice.
In addition, the non-principal cells had correspondingly different physiological characteristics. The responses of these two cells to current injection were very similar, and the data for one of these cells are shown in Figure 14A -C. In response to depolarizing current, both cells fired sustained trains of action potentials (Fig. 14A ). The action potentials had "double undershoots," that is, afterhyperpolarizations described by two phases, one fast and one slow. The response to hyperpolarizing current (Fig. 14B) showed only a slight sag in the membrane potential, and the Z-v relationship (Fig. 140 for this cell was more linear than was typical for MNTB principal cells, although there are only two points on the curve corresponding to subthreshold depolarizing currents.
Stimulation of the TB at the midline failed to produce a calyceal spike in either cell. One cell responded to midline stimulation with what appeared to be an early IPSP (latency, 1.0 msec), followed by an EPSP and perhaps a later IPSP (Fig. 140) . This cell also responded to stimulation of the ipsilateral TB near the seventh nerve with a pure IPSP (latency, 0.9 msec) that reversed about 10 mV negative to E,,, (Fig. 140) . The other non-principal cell responded to midline stimulation with a graded EPSP (latency, 1.1 msec) that at high shock strengths could drive an action potential (Fig. 140 . Stimulation of the ipsilateral TB elicited no response (not shown).
Discussion
Anatomy Principal cell morphology. The morphology of single MNTB cells has been described previously in the cat (Mores& 1968) , the bat and gerbil (Kuwabara and Zook, 199 l) , the mouse (0110 and Schwartz, 1979; Kuwabara and Zook, 199 I) , and to a lesser extent in the rat (Casey and Feldman, 1982) and guinea pig (Schofield and Cant, 1991) . Unlike the cells we have injected in the rat, MNTB principal cells in the cat typically have between two and four short, thin, tufted dendrites (Morest, 1968) . Cells in other species are more similar to those of the rat, with each . E, Response of another cell (lo-l-9 1 U 1) to 6 mM 4-AP. Traces are superimposed responses to nine depolarizing current pulses of identical amplitude after 13 min in 4-AP. This cell was held at a slightly hyperpolarized level relative to resting potential in normal saline (E, = -66 mV) to minimize spontaneous spikes being generated in 4-AP by an increase in spontaneous synaptic events. Calibration pulses: voltage, 10 mV, 5 msec; current, 0.1 nA, 5 msec.
cell having one or two large primary dendritic stalks (0110 and Schwartz, 1979; Kuwabara and Zook, 199 1) . MNTB cells in other species have dendritic spines (Mores& 1968; Kuwabara and Zook, 199 l), which we did not observe in our cell population. The dendritic trees of many of our principal cells extended beyond the borders of MNTB and into the path of the TB, similar to MNTB cells in other rodents and bats (Kuwabara and Zook, 199 1) . Since principal cells may receive non-calyceal inputs on their dendritic trees, it is possible that these non-calyceal inputs do not always enter MNTB, synapsing instead on the dendrites extending out of MNTB. One consequence of this is that studies investigating inputs to MNTB, for example, anterograde gross injection studies, may miss some of the noncalyceal inputs to MNTB.
Projections of principal cells. Because our experiments were performed on slices, the axonal processes of the injected cells were often cut off during the slicing procedure. Typically, these cells retained only portions of their axonal fields. Statements concerning the projections of these cells as determined in the slice must be treated cautiously in that projections that were not observed cannot be excluded. However, given the large size of our cell population, it is likely that we have observed the major projection targets of this cell type within the SOC. Gross labeling studies have shown that the major projection targets of MNTB cells are ipsilateral LSO (Elverland, 1978; Glendenning et al., 1985; Spangler et al., 1985) , as well as the nuclei of the lateral lemniscus and the dorsomedial and ventromedial periolivary nuclei (DMPO, VMPO; Glendenning et al., 198 1; Spangler et al., 1985) . The axonal projections of single cells in the rat MNTB have not been described in detail previously. Smith et al. (1989) reported that the projections of a small number of individual MNTB principal cells injected in the cat included the ventral nucleus of the lateral lemniscus, LSO, DMPO, VMPO, and occasionally MSO. Using an in vitro brain slice preparation, Zook and colleagues labeled single MNTB principal cells in the mouse, gerbil, and two species of bats and traced these cells' axonal projections to nuclei within the SOC (Zook and DiCaprio, 1988; Kuwabara and Zook, 199 1) . These reports showed that the projection within LSO formed rostrocaudal sheets, highly restricted along the tonotopic axis, a pattern of termination similar to that which we observed. Other target nuclei commonly observed within the SOC were SPN, DMPO, VMPO, and ventral nucleus of the trapezoid body (VNTB). About 50% of the labeled cells projected to MSO, and in < 10% of these labeled cells, collaterals were observed within MNTB itself. Little interspecies variability was reported. Thus, MNTB cells in the rat appear to have more restricted targets than in other species studied.
The projection to MS0 reported here and in other recent studies (Smith et al., 1989; Adams and Mugnaini, 1990 ; Kuwabara and Zook, 199 1) could play a crucial role in the processing of binaural phenomena in MSO. For example, inhibitory inputs have been postulated to sharpen ITD sensitivity in MS0 cells by shutting these cells off at unfavorable delays (Yin and Chan, 1990) . This is the first detailed report of a topographic projection from MNTB to SPN (but see Bledsoe et al., 1988) , although it should be noted that the tonotopic organization of SPN has not yet been described. The role of SPN in rodents is unclear, but the density of the projections we observed indicates that these cells are strongly suppressed by contralateral CN. Cells in SPN receive input primarily from contralateral CN, and to a lesser extent from ipsilateral CN (Friaufand Ostwald, 1988; Kuwabara et al., 199 1) . Cells in SPN project to the inferior colliculus (IC, Beyerl, 1978; Faye-Lund, 1986; Schofield, 1991) , and this is presumably their major projection target in the rat, since olivocochlear neurons are not present in rat SPN (White and Warr, 1983; Osen et al., 1984) , as they are in guinea pig (Schofield, 199 1; Thompson and Thompson, 199 1) . These studies do not address questions concerning the inputs to individual cells or any correlation that may exist between these input patterns and these cells' projection targets. For example, one possibility is that cells receiving ipsilateral excitatory input from the CN also receive inhibitory input from ipsilateral MNTB, and project to the IC, performing a role similar to LSO principal cells, while cells receiving input from contralateral CN may have other projection targets. Non-principal cells. The two non-principal cells included in this report have morphological features similar to elongate cells. These two cells were clearly bipolar but, unlike elongate neurons in the cat (Morest, 1968) , have very few spines. The cells we have injected did not send heavy projections to LSO or SPN, and their axons were cut off at the lateral border of the SOC. Since there are apparently no olivocochlear neurons in the rat MNTB (White and Warr, 1983; Osen et al., 1984) , they may project to the nuclei of the lateral lemniscus and the IC.
Physiology
The physiology of MNTB principal cells is similar to that of CN bushy cells (Oertel, 1983; Wu and Oertel, 1984; Manis and Marx, 199 l) , which give rise to the dominant excitatory inputs to MNTB principal cells (Friauf and Ostwald, 1988) . A recent in vitro study by Wu and Kelly (199 1) was the first detailed description of intracellular recordings from cells in mouse MNTB. This study was based on recordings from 18 cells that were visually localized to MNTB during the experiment. Z-Y data were obtained for seven cells, and all showed rectification in their Z-l' relationships. The responses to current injection in our cell population are similar to those of Wu and Kelly (199 l) , except that we rarely saw multiple spikes to depolarizing current, and the average steady-state input resistance for hyperpolarizing current in our population was somewhat higher (44.34 f 16.84 Mti, n = 34, vs. 25.11 + 10.36 Me, n = 5) . The former difference may be due to a stronger 4-AP-sensitive conductance in our population, while the latter may be due to differences in morphology or degree of penetration damage, or perhaps due to sampling bias in either study.
Synaptic inputs. In contrast to the slight differences in responses to current injection, there are significant differences between the two studies in synaptic responses to TB stimulation: Wu and Kelly (199 1) reported only short-latency, presumably calyceal EPSPs, while in our study we regularly saw long-latency, presumably polysynaptic EPSPs and occasionally short-or longlatency IPSPs. The latter observations are more consistent with reports of significant non-calyceal innervation of MNTB cells (Lenn and Reese, 1966; Jean-Baptiste and Mores& 1975; Casey and Feldman, 1985; Smith et al., 1989; Adams and Mugnaini, 1990; Kuwabara et al., 199 1) . It should be noted that in those cells in our study where midline stimulation failed to elicit a calyceal event, it is quite possible that either the calyceal axon had been cut off close to the calyx, or that our stimulating electrode was not optimally positioned.
The dependence of the duration of the calyceal event on membrane potential has important implications for the information processing capabilities of MNTB cells. We have shown evidence that this voltage dependence is not due to a late IPSP that reverses near rest, and we postulate that a voltage-dependent conductance, perhaps the 4-AP-sensitive conductance, is responsible for this phenomenon. Application of antagonists for the glycine and GABA, receptors in concentrations known to be effective in other systems (Choi and Fischbach, 1981; Wu and Oertel, 1986) had no effect on the voltage dependence of the calyceal event (Fig. lOC,D) . Indirect evidence also supports the voltage dependence of the synaptic potential decay being due to intrinsic membrane properties: this phenomenon occurs for both calyceal and non-calyceal EPSPs (not shown), and it is unlikely that all excitatory inputs to these cells, regardless of their origin, are terminated by IPSPs. The specializations that have developed in this pathway (GBCs and MNTB principal cells), for example, the conductances responsible for these cells' unusual membrane properties and the calyces of Held that form their synaptic connection, support the hypothesis that the primary function of these two cell populations is to relay information quickly and precisely from the periphery to regions of the SOC processing binaural information. Paradoxically, the membrane specializations that have evolved make these cells especially sensitive to small changes in their membrane potential, as would be provided by noncalyceal inputs.
The sources of these non-calyceal inputs is not clear, although at least some are obviously located within the SOC. It is impossible to say whether stimulation of the TB at the midline is orthodromically activating axons crossing from nuclei in the contralateral SOC, or antidromically activating axons from cells in the ipsilateral SOC that give off collaterals in MNTB before crossing the midline to innervate other nuclei. Adams and Mugnaini (1990) showed that MNTB principal cells are contacted by numerous GABA-immunoreactive terminals, and speculated that these GABAergic inputs to MNTB arise in the "ventral periolivary regions," presumably including VNTB. Few glycineimmunoreactive terminals have been reported in MNTB (Wenthold et al., 1987; Helfert et al., 1989; Adams and Mugnaini, 1990) and only sparse glycine receptor labeling has been reported (Zarbin et al., 1981) . It is interesting that IPSPs were blocked by strychnine, a glycine receptor antagonist, in the three cases where it was applied. We have not attempted to block IPSPs with GABA antagonists. It is possible that in the rodent, both glycine and GABA are utilized as inhibitory neurotransmitters in MNTB. Parallel to this, although there is heavy labeling for GABA in the cat CN (Adams and Mugnaini, 1987; Saint Marie et al., 1989) , interacellular studies in the mouse CN indicate that IPSPs are blocked predominantly by glycinergic antagonists (Wu and Oertel, 1986) . One weak source of glycinergic input to MNTB may be collaterals of MNTB principal cells ( Fig. 5 ; see also Kuwabara and Zook, 1991) which are believed to be glycinergic (Wenthold et al., 1987; Bledsoe et al., 1990) . Other possible sources ofnon-calyceal inputs to the MNTB are cells in the surrounding periolivary nuclei (Kuwabara et al., 199 l), and collaterals from cells in the LSO crossing the midline, shown to be present in both the cat (Elverland, 1978) and rat (Banks and Smith, 1990) . Ionic currents in MNTB cells. The experiments with 4-AP imply that one or more 4-AP-sensitive conductances exert a powerful influence on the membrane properties of MNTB principal cells and their responses to depolarizing current. These data are consistent with the existence of a 4-AP-sensitive conductance similar to the g, conductance described in CN bushy of the same cell to midline shock stimuli after 4 min (top truce) and 11 min (bottom truce) in 2.2 PM strychnine. up, action potential; sa, stimulus artifact. Calibration in C applies to all panels. As indicated in A, the cell was slightly depolarized in all panels to accentuate the IPSP.
cells (Manis and Marx, 199 1) . g, is a low-threshold, 4-APsensitive potassium conductance that is postulated to be primarily responsible for these cells' transient firing behavior and nonlinear Z-V relationships. Without voltage-clamp data, it is impossible to compare the kinetics, reversal potentials, and magnitudes of g, and the 4-AP-sensitive conductance in MNTB, nor is it possible to rule out the existence of multiple 4-APsensitive conductances in MNTB principal cells. There are, however, obvious similarities between the responses of bushy cells and MNTB principal cells to injected current. Further experiments to determine the functional role of the 4-AP-sensitive conductance are required, for example, examining the dependence of the duration of synaptic potentials, elicited in the presence of 4-AP, on membrane potential. However, a technical difficulty with these experiments is that application of 4-AP significantly changes the synaptic events elicited by TB stimulation, blocking some inputs and revealing others (data not shown).
The sag in membrane potential during a hyperpolarizing current step (Figs. 6, 8 ) may be due to a hyperpolarization-activated, mixed-cation conductance, similar to the H conductance (gH), or anomalous rectifier identified previously in several cell types in the mammalian CNS (Halliwell and Adams, 1982; Crepe1 and Penit-Soria, 1986; Spain et al., 1987; McCormick and Pape, 1990) . The reversal potential for this conductance is typically at or positive to rest, and the time constant ofactivation is on the order of tens or hundreds of milliseconds. Hyperpolarization of the cell slowly turns on g,, driving the membrane potential back toward the reversal potential for the conductance and causing the sag. The undershoots revealed following depolarizing current steps in the presence of 4-AP (Fig. 8&Z? ) are consistent with a g, that is partially active at rest: depolarization deactivates the conductance, and at the stimulus offset the membrane potential undershoots, driven toward the reversal potential for other active conductances.
Thus, MNTB principal cells may have two voltage-dependent conductances responsible for maintaining the cell near its resting potential, the 4-AP-sensitive conductance and the anomalous rectifier. These currents could control modulation by non-calyteal excitatory and inhibitory inputs, and reset the cell subse- Figure 13 . Camera lucida drawings of two non-principal cells in the right MNTB. A, A non-principal cell (M6-20-9 1 U 1) with its cell body within the MNTB. The distal dendritic tree extends dorsoventrally into the areas surrounding the MNTB proper. The axon heads dorsally, through the SPN, and is cut off dorsal to the LSO. B, Camera lucida drawing of a non-principal cell (6-20-91 U3) located just outside the lateral border of the MNTB. The dendritic tree extends preferentially in the dorsoventral directions for a considerable distance. The axon heads laterally through the MS0 and branches ventral to the LSO before being cut off lateral to the LSO. Line close to the scale bar represents the ventral border of the brainstem. Figure 13B to midline stimulation of increasing shock strength (bottom to top traces). ap, action potential; sa, stimulus artifact. Calibration in F applies to D and E as well.
quent to the massive conductance changes elicited by calyceal events.
